I
n patients with neutropenia, bacterial and fungal infections remain significant sources of morbidity and mortality, despite modern antimicrobial treatment. Neutropenia is a well-established complication of chemotherapy, liquid transplant, and other hematologic conditions. While neutropenic, the risk of infection and mortality increases with the degree and duration of the episode. 1 Granulocyte transfusion has been used for decades as a treatment modality in both patients with neutropenia and those with granulocyte dysfunction who have infections refractory to antibiotics. [2] [3] [4] The effectiveness of granulocyte transfusions is highly dependent on transfusing an appropriately high dose of granulocytes. 2 The RING trial, a multicenter randomized controlled study, found that subjects who received an average dose per transfusion of at least 0.6 × 10 9 granulocytes
per kilogram tended to have better outcomes than those receiving a lower dose. 5 Collection of this dose from healthy donors became possible with the use of granulocyte-ABBREVIATIONS: CBC(s) = complete blood count(s); G-CSF/Dex = granulocyte-colony-stimulating factor plus dexamethasone; PBPC (s) = peripheral blood stem cell(s).
colony-stimulating factor (G-CSF) in stimulated apheresis collections. 6 It was found that using dexamethasone plus G-CSF (G-CSF/Dex), as stimulatory agents, resulted in greater granulocyte yields than either agent alone while causing no increase in donor toxicity. 7 The short-term adverse effects of G-CSF have been well characterized. In a prospective study of 2408 healthy unrelated peripheral blood stem cell (PBSC) donors who received G-CSF, almost all experienced bone pain, while 70% of donors reported some degree of myalgia, headache, or fatigue, with smaller percentages reporting insomnia, nausea, or fever. Almost all symptoms disappeared after 1 week after donation. 3, 8 Rare side effects of using G-CSF in donors, including splenic rupture, pulmonary hemorrhage, and anaphylactic shock, have also been noted. 9 In a follow- Similarly, the long-term severe adverse effects of repeat stimulated granulocyte donation have been investigated. In a 10-year follow-up study of healthy unrelated granulocyte donors at the National Institutes of Health, 83 subjects who had donated 1120 granulocyte concentrates (mean 13.5 granulocyte donations per donor) were compared with a matched group of platelet (PLT) donors. No difference in the incidence of coronary heart disease, stroke, thrombosis, or malignancy was seen among these two groups.
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It has been previously noted that there are sustained decreases in PLT count with regular plateletpheresis. 12 In serial long-term leukapheresis donors, sustained lymphocyte count decreases with increasing donation number have been reported. 13 However, the impacts of age, interdonation interval, race, sex, and other concurrent donations were not examined in these studies. In light of the mantra "first do no harm," the purpose of this study was to adjust and control for these factors and to investigate whether there are longitudinal hematopoietic changes related to repeat stimulated granulocyte donation.
MATERIALS AND METHODS

Study subjects
We retrospectively analyzed the longitudinal changes in the precollection complete blood counts (CBCs) of 493 healthy volunteer allogeneic granulocyte donors who underwent a total of 2543 G-CSF/Dex-stimulated granulocyte donations starting in October 1994 and compared the change in their precollection white blood cell (WBC) counts over time to that of 526 healthy unstimulated granulocyte donors (1391 total donations) and 3743 PLT donors (59,585 total PLT donations; Table 1 ). All allogeneic granulocyte donors underwent a thorough history and physical examination with baseline laboratory evaluation and were consented and enrolled in institutional review board-approved protocols before undergoing granulocytapheresis and/or being given G-CSF/ Dex. In addition to meeting donor eligibility criteria for allogeneic blood donors, they were excluded for stimulation agent-related risks including uncontrolled hypertension, peptic ulcer disease, and posterior subcapsular cataracts. Donors without a current eye examination or with a history of posterior subcapsular cataracts were not given dexamethasone but were restricted to granulocytapheresis using G-CSF alone. The G-CSF alone-stimulated donors were included in the G-CSF/Dex donor group for purposes of this analysis. Both stimulated and unstimulated granulocyte donors were restricted to a maximum of one granulocytapheresis donation per month.
Unstimulated granulocyte and allogeneic PLT donors met all the eligibility criteria for volunteer whole blood donation. Healthy granulocytapheresis-unstimulated granulocyte donors were exempt from restrictions on foreign travel, use of prescription drugs that would disqualify them from allogeneic donation, and anti-HBc antibody presence. CBCs were performed immediately before every granulocyte and PLT donation. Informed consent was obtained in accordance with the Helsinki Declaration, and our institutional review board approved allogeneic stimulated granulocyte and unstimulated granulocyte apheresis donor protocols.
There was significant donor crossover between groups. Thirty-three percent of the G-CSF/Dex donor group had donated, at least once, using dexamethasone alone. In contrast, the crossover between the G-CSF/Dex group and unstimulated donor group was much lower at 9.8%. All stimulated granulocyte donors had been prior plateletpheresis donors.
Granulocyte stimulation and collection
For the stimulated granulocyte donations before July 2005, donors received 5 μg/kg G-CSF as a single subcutaneous injection 12 to 24 hours before donation and/or 8 mg dexamethasone orally 12 hours before donation. After July 2005, the G-CSF dose was changed to a standard 480 μg subcutaneous injection for all donors. The dexamethasone dose remained unchanged. G-CSF/Dex has been used for granulocyte donor stimulation at our institution since 1994. Stimulated donor granulocytes were collected for use as therapeutic transfusion components, at the request of and consultation with the primary treating physician, for patients with severe neutropenia or disorders of neutrophil function and life-threatening infections unresponsive to antimicrobial agents.
Granulocyte collection procedures were performed using continuous flow centrifugation on an apheresis device (Spectra, Terumo BCT; or CS-3000, Fenwal). Seven to 7.5 liters of whole blood was processed per procedure, at a blood flow rate of 50 to 70 mL/min. A quantity of 500 mL of hydroxyethyl starch solution (Hespan, B. Braun Medical) was used as a red cell sedimenting solution and injected with 30 mL of citrate (Tricitrasol, Cytosol Laboratories) for anticoagulation of the extracorporeal circuit.
Statistical analysis
Data modeling was performed starting with a database of allogeneic granulocyte donors, unstimulated granulocyte donors, and PLT donors, which was compiled retrospectively using a computer spreadsheet (Excel 2013, Microsoft Corporation). For each donation, the number of previous donations for each category (G-CSF+/−Dex, dexamethasone only, PLTs, and unstimulated granulocytes) were tabulated for 0 to 1,1 to 2, 2 to 3, 3 to 4, and 4+ years ago. The CBC indexes investigated were granulocyte, lymphocyte, and monocyte counts and granulocyte collection yield (granulocyte count in the bag per liter of whole blood processed). To reduce outcome variable skewness, natural log transformations were carried out. For each investigated CBC index, a linear mixed-effect model was built that included as fixed effects donation category, age, race, sex, and the number of previous donations for each category and each time period as previously described. Donors were specified as random effects to control for the intrasubject correlation of repeat donations and crossover between groups. In contrast to multiple linear regression, linear mixed-effects models allow for controlling the variance associated with random factors without data aggregation.
14 The models were built using the computer software (nlme package, R Version 3.3.1) and utilized the computational resources of the high-performance computing Biowulf cluster. 15 To characterize general model fit, pseudo-R 2 was calculated using the R package piecewiseSEM. The conditional pseudo-R 2 describes the proportion of data variance that can be explained by both fixed and random factors. 16 The linear mixed-effects model for precollection granulocyte counts had a conditional pseudo-R 2 of 0.729. The precollection lymphocyte model conditional pseudo-R 2 was 0.742, for precollection monocyte it was 0.528, and for granulocyte yield per liter it was 0.871. Visual inspection of model residual plots did not reveal any obvious deviations from homoscedasticity or normality.
A strong intrasubject correlation of precollection WBC counts for repeated donations was found. The intraclass correlation coefficient is best interpreted, in the case of this model, as the proportion of total variance that is accounted for by the clustering of intrasubject counts. For the granulocyte model the intraclass correlation coefficient was found to be 0.56. For the lymphocyte model it was 0.66 and 0.36 for the granulocyte yield per liter model.
To better illustrate the effect of donation number on WBC count, statistical model contrasts were performed with differing collection numbers spread out among the yearly collection intervals in a balanced manner (Appendix S1, Figure 4 , Contrast Model Selection). A 60-year-old donor was set as the baseline to place emphasis on any age-related effects though the mean age of donors was younger. Male sex was used to coincide with our center's majority of granulocyte donors. The five-granulocyte-donations model contrast assumes one stimulated donation for each year of the past 5 years. This assumption was used because, on average, stimulated granulocyte donors donate 1.3× /year. The 10-collection-model contrast assumes two stimulated collections for each of the past 5 years. Likewise, the 15-collection model assumes three stimulated collections per year, and the 20-collection model assumes four. The interdonation periods for the contrast model were significantly longer then the Food and Drug Administration established donation deferral periods (Appendix S1 [available as supporting information in the online version of this paper], Fig. 4 , contrast model selection).
RESULTS
Precollection granulocyte counts
Significant differences were found in precollection granulocyte counts between the stimulated donor and PLT donor groups and between the individual stimulated donor groups (Fig. 1) . The overall G-CSF/Dex-stimulated granulocyte donor group has a mean precollection granulocyte count of 29. respectively. The PLT group precollection granulocyte count had an insignificant increase of 0.6% between Collection 1 and Collection 20 (Appendix S1, Table 3, precollection  granulocyte contrast table) .
The effect of previous granulocyte donations in the G-CSF/Dex donor group did not completely wane over a 1-month deferral period. Sequential stimulated allogeneic granulocyte donations in the same year had a strong negative effect on precollection granulocyte count (b = −0.0026, SE = 0.00027, p < 0.0001). The significant effect of past G-CSF/Dex donations carried into the 1-to 2-year interval (b = −0.0016, SE = 0.00027, p < 0.0001), 2-to 3-year interval (b = −0.0013, SE = 0.00029, p < 0.0001), and 3-to 4-year interval (b = −0.0008313, SE = 0.00029, p = 0.004). Prior donations, likewise, had a strong negative effect on current counts for the unstimulated granulocyte donor group, although this effect only was significant up to Year 2 (b = −0.0026, SE = 0.0010, p = 0.013). The same was found for the dexamethasone-alone donor group (b = −0.0027, SE = 0.0007, p = 0.0001). The effect of prior collections greater than 2 years ago for the unstimulated granulocyte, dexamethasone-alone, and PLT donor groups did not reach the level of significance (p > 0.05; Appendix S1, Table 7 , granulocyte linear mixed-effects model).
Precollection lymphocyte counts
The precollection lymphocyte counts were found to be significantly different between donation groups (Fig. 2) . In /L (p < 0.001) lower than that for the control PLT group. There was no significant effect due to race after controlling for age, sex, and prior collections, although age had a significant negative effect on lymphocyte count for the G-CSF/Dex donor group (b = −0.0009, p < 0.001) and the unstimulated granulocyte donor group (b = −0.00463 P < 0.001).
Between Collection 1 and Collection 10 the G-CSF/Dex group's adjusted mean dropped 0.094 × 10 9 /L (p < 0.001), a 9.3% decrease. Over this same interval, the unstimulated granulocyte donor group had a larger decrement with an adjusted mean decrease of 0.42 × 10 9 /L (p < 0.001).
Between Collection 1 and Collection 15, the PLT control decreased 1.7% and the dexamethasone-alone donor group decreased 6.9%. The rate of count change increased for the G-CSF/Dex group with increasing collection number. Between Collection 10 and Collection 20, the adjusted mean decreased 0.116 × 10 9 /L (p < 0.001; Appendix S1, Table 4,   precollection lymphocyte contrast table) . Past donations were found to have a strong negative effect on current lymphocyte counts in the unstimulated granulocyte donor groups and, to a lesser degree, in the G-CSF/Dex donor group. This effect, in the unstimulated granulocyte donor group, waned little with time from the 0-to 1-year interval (b = −0.0303, SE = 0.0032, p < 0.001) to the Year 2 to Year 3 interval (b = −0.021, SE = 0.0036, p < 0.001). Between these time points the beta-coefficient remained negative and significant. This effect, in the G-CSF/Dex donor group, largely weakened with time from the 0-to 1-year interval (b = −0.0144, SE = 0.000856, p < 0.001) to the Year 2 to Year 3 interval (b = −0.0028, SE = 0.0009, p = 0.0021). For both groups the beta-coefficient remained significant into Year 4 (Appendix S1, Table 8 , lymphocyte linear mixed-effects model).
Precollection monocyte counts
The precollection monocyte counts significantly differed between groups. In aggregate, the G-CSF/Dex donors' group had the largest mean of 0.76 × 10 /L by Donation 15 (P < 0.001; Appendix S1, Table 5, precollection monocyte contrast table) .
Granulocyte yield (granulocytes per liter of whole blood processed)
Increased donation number was associated with decreased granulocyte bag yield per liter processed in the G-CSF/Dex group and the unstimulated granulocyte donor group. The dexamethasone-alone donor group's granulocyte yield per liter did not change significantly between Collection 1 and Collection 15 (P = 0.83). Between Collection 1 and Collection 10, the G-CSF/Dex donor group gran bag yield decreased 0.041 × 10 10 granulocytes/L (4.3%; p < 0.001).
The unstimulated granulocyte donor group had a yield decreased (0.042 × 10 10 granulocytes/L, p < 0.001) over this same collection interval (Appendix S1, Table 6 , granulocyte yield contrast table). Age had a significant negative effect on the granulocyte yield per liter for the G-CSF/Dex donor group (b = −0.001251, p < 0.001) and a paradoxically slight positive effect in the unstimulated granulocyte donor group (b = 0.0008, p = 0.02). Race did not have a significant effect on granulocyte bag yield per liter (Appendix S1, Table 10 , granulocyte yield per liter linear mixed-effects model).
DISCUSSION
This study is the first to describe that in healthy donors, increased number of granulocyte collections is associated with decreased precollection granulocyte counts, lymphocyte counts, and granulocyte yield per liter using careful statistical modeling. Prior studies did not control for the impacts of age, interdonation interval, race, sex, and other concurrent donations. Controlling for these variables, the decrease in WBC counts was still evident in both the stimulated and the unstimulated granulocyte donation groups. No such change was seen in the PLT control group. The negative effect on predonation granulocyte and lymphocyte counts, from past donations, did not quickly diminish with time in the G-CSF/Dex-stimulated and unstimulated granulocyte donor groups. For both, this effect was found to be most prominent during the first year. The negative beta-coefficient, however, still reached the level of significance at 4 years postdonation in the lymphocyte and granulocyte models. This phenomenon has been previously documented in other studies (Table 2) ; however, to our knowledge this is the first description of such seen in unstimulated granulocyte donors.
These findings suggest that the granulocytapheresis procedure itself may play a role in the count decrements seen. Prior studies hypothesized that G-CSF was responsible, either through G-CSF-receptor down regulation or depletion of slowreplacing PBSCs. 17 Leukapheresis has been estimated to only remove approximately 10% of PBMCs. 18 However, without G-CSF mobilization, unstimulated granulocyte donors experience minimal PBSC loss, while maintaining marrow reserves. Hetastarch might play a role in this effect. Studies have shown that it accumulates in marrow and organs of the reticuloendothelial system. 19 In a murine model, hetastarch reduced the inflammatory response by decreasing neutrophil recruitment, hindering PLT-neutrophil interactions, and reducing neutrophil extracellular trap formation. 20 Since PBSC donors are not exposed to Hetastarch, the similar hematopoietic count decrements this group experiences are not mediated by such a mechanism (Table 2) . There is no current evidence that these decreases in WBC counts from baseline have clinical consequences for donors. In a 2009 study of 3928 PBSC collections using G-CSF mobilization, no increased incidence of infection was found during the 5-year follow-up period. 17 However, the vast majority of this study's donors underwent one round of mobilization and collection. Thus, these findings may not be generalizable to multiply stimulated and collected granulocyte donors. In our study we found that the effect of increased donation number was strongly associated with subsequent decreased precollection granulocyte counts in all donor groups with the exception of the PLT donors ("control" group). To our knowledge no long-term natural history trials on granulocyte donor infection rates has been undertaken. Although we have shown that that there are statistically important negative effects on predonation granulocyte and lymphocyte counts over time, the absolute magnitude of the decrease in these counts may not be clinically meaningful for the donors. To ensure donor safety, additional studies to further characterize this effect should be considered.
